Rationale: Airway hyperresponsiveness (AHR) increases up to 2 weeks after allergen inhalational challenge of subjects with asthma who show a late-phase asthmatic reaction (dual responders). Cellular inflammation and airway remodeling are increased 24 hours after allergen challenge. Objectives: To determine whether persistence of increased AHR is associated with persistent activation of remodeling and enhanced inflammation. Methods: Fiberoptic bronchoscopy was performed at baseline and at 24 hours and 7 days after allergen inhalational challenge of dual responders with mild-moderate asthma. At each time point, AHR, spirometry, and expression of tenascin (extracellular matrix protein), procollagen I, procollagen III, and heat shock protein (HSP)-47 (markers of collagen synthesis), and ␣-smooth muscle actin (myofibroblasts) were evaluated as markers of activation of airway remodeling, together with numbers of mucosal major basic proteinpositive eosinophils, CD68 ϩ macrophages, CD3 ϩ , CD4 ϩ , CD8 ϩ T cells, elastase-positive neutrophils, and tryptase-positive mast cells. Measurements and Main Results: AHR was increased from baseline at 24 hours and 7 days after allergen challenge. Reticular basement membrane tenascin expression was elevated at 24 hours and returned to baseline levels at 7 days. Reticular basement membrane procollagen III expression was significantly elevated at 7 days. Expression of procollagen I, HSP-47, and ␣-smooth muscle actin were all higher at 7 days compared with 24 hours. At 24 hours, eosinophil, macrophage, neutrophil, and CD3 ؉ T cells were increased but had returned to baseline by 7 days. Conclusions: In dual responders with asthma, the 24-hour increase in airway wall cellular inflammation after allergen challenge resolves by 7 days, whereas the increases in AHR and markers of remodeling persist.
Allergen challenge in sensitized patients with asthma leads to immediate airway bronchoconstriction termed the "early asthmatic response" (EAR), which is maximal within 30 minutes and is resolved within 1 to 3 hours. Up to 50% of these individuals will experience a second delayed phase of bronchoconstriction, leading to the dual asthmatic reaction (DAR). The DAR has been defined as a fall in the FEV 1 of 15% from the baseline value between 3 and 7 hours (1) . The DAR is associated with increases in AHR, which are not seen in those inviduals with isolated EAR (2) . Allergen inhalation challenge induces infiltration of airway mucosal inflammatory cells as shown by increases in eosinophils, T cells, and neutrophils in bronchoalveolar lavage fluid (3, 4) and the lamina propria of the airway wall (5) . Some studies have indicated that airway inflammation is more pronounced in patients with DAR than in those with isolated EAR, indicating that infiltrating leukocytes, especially eosinophils, may be related to the increased AHR (6, 7), modeling disease exacerbations. We have recently demonstrated that activation of airway remodeling pathways is an acute event and is up-regulated at the same time as inflammation in dual responders with asthma 24 hours after allergen inhalational challenge (8) . What is not currently known is whether the sustained increases in AHR after allergen challenge are associated with the persistence of increased airway remodeling, particularly in the presence or absence of inflammation. For these reasons, we have obtained bronchial biopsies at baseline and 24 hours and 7 days after allergen challenge in a group of DAR volunteers to evaluate whether sustained increases in AHR after allergen challenge are associated with the persistence of airway inflammation and remodeling. Some of the results of these studies have been previously reported in the form of an abstract (9) .Our data show that persistent recruitment of infiltrating inflammatory cells is not essential to the maintenance of allergen-induced increases of AHR and that airway remodeling can remain associated with AHR at a time point when there is resolution of cellular inflammation to baseline levels.
METHODS

Volunteers
The study was approved by the Royal Brompton and Harefield Hospital Ethics Committee, and volunteers gave written, informed consent.
Thirteen atopic patients with asthma with a history of atopic asthma together with either a 15% increase in FEV 1 to ␤ 2 -agonist or methacholine PC 20 (the provocative concentration causing a 20% fall in FEV 1 ) of 8 mg/ml or less were recruited: data are presented for the nine subjects who developed a late asthmatic response to allergen challenge. The baseline FEV 1 was 70% or greater of predicted and all subjects demonstrated positive skin-prick tests (SPTs; wheal size у 3 mm) to one or more of the aeroallergens house dust mite, cat dander, or grass (ALK, Hørsholm, Denmark). Volunteers sensitive to pollens were studied outside of the season. Volunteers were controlled with only rescue ␤ 2 -agonists at the time of study and had no clinical features of infection for at least 4 weeks before the baseline bronchoscopy and none throughout the study. All were nonsmokers.
Study Design
The study outline is summarized in Figure 1 . Methacholine challenge was performed according to the standards set by the American Thoracic Society guidelines (10) . Allergen challenges were performed with either mixed grass, Dermatophagoides pteronyssinus (Allergopharma, Reinbek, Germany), or cat dander (Leti, Madrid, Spain) extracts chosen based on history, SPT, and allergen-specific serum IgE. An incremental dosing schedule as previously described was used (11) .
A decrease in the FEV 1 of more than 15% of the postsaline reference was defined as an EAR. An LAR was defined as a fall in the FEV 1 of 15% or more from the postsaline reference value at a single time point between 3 and 7 hours after allergen inhalation (1) .
Fiberoptic bronchoscopy with bronchial biopsies was performed as previously described (8) at baseline, 24 hours after allergen challenge, and 7 days after allergen challenge. All bronchoscopies were conducted at 8.30 a.m., and the order of sampling was randomized.
Immunohistochemistry
Tissue processing and immunostaining were performed as previously described (3, 12) . Monoclonal antibodies used were anti-CD3, CD4, CD8, CD68, neutrophil elastase, human mast cell tryptase (all from Dako, High Wycombe, UK), and eosinophil major basic protein (MBP) (BMK-13; in-house) with isotype controls. Remodeling markers used were heat shock protein (HSP)-47 (clone M16.10A1; Stressgen, Victoria, BC, Canada), procollagen I (Chemicon, Harrow, UK), and ␣-smooth muscle actin (␣-SMA) (Dako). Reticular basement membrane (RBM) tenascin (Monosan, Uden, The Netherlands) and procollagen III (Chemicon) deposition was evaluated using a Leica TCS SP confocal microscope (Leica, Heidelberg, Germany) and a Scion Image Analysis software package (Scion Corporation, Frederick, MD) as previously published (8, 13) . Cell counts (cells per millimeter squared) were determined by counting the whole section in a blinded fashion by a single observer using an Olympus BH-2 microscope (Olympus, New York, NY). and Visit 7 (V 7 ) were 24 hours and 7 days after allergen challenge, respectively. Spirometry was performed and methacholine-induced AHR was measured before each bronchoscopy.
Statistical Analysis
The methacholine PC 20 was expressed as the geometric mean (range). Cell counts and RBM measurements are expressed as the median (interquartile range). All paired within-subject data were analyzed using the Wilcoxon signed rank test. The data were also analyzed using a mixed model to assess the change over time. In this model, patients were entered as a random effect, with time as a fixed effect. Correlation coefficients were obtained using Spearman's rank order method. Correlations were performed between AHR at 24 hours and AHR at 7 days against cellular counts and remodeling markers. A GraphPad Prism software package was used (GraphPad Software Ver. 4, Inc., San Diego, CA). Significance was accepted as p Ͻ 0.05.
RESULTS
Increased AHR Is Sustained Up to 7 Days
Volunteer characteristics are summarized in Table 1 . There were five males and four females with a median age of 24 (range, 19-46) years and median FEV 1 % predicted of 97% (range, 88.70-118.2%). One volunteer did not complete the final bronchoscopy and the paired-data analysis has taken this into account.
The airway responses to allergen are summarized in Figure 2 . The median decrease in FEV 1 measured from baseline was Ϫ16.1% (range, Ϫ21.7 to Ϫ2) at 24 hours (p ϭ 0.02), and Ϫ5.04% (Ϫ8 to ϩ7.8) at 7 days (p ϭ not significant) ( Figure 2A ). AHR was increased at both 24 hours and 7 days compared with baseline after allergen challenge ( Figure 2B ). The methacholine PC 20 (geometric mean Ϯ range) decreased from 1.707 (0.71-4.00) mg/ml at baseline to 0.3828 (0.0625-2.00) mg/ml at 24 hours (p ϭ 0.004) and 0.4423 (0.20-1.260) mg/ml at 7 days (p ϭ 0.02).
Airway Remodeling Remains Associated with AHR
The change in expression of markers of airway remodeling is presented in Table 2 and Figure 3 . The expression of RBM tenascin increased at 24 hours after allergen challenge (p ϭ 0.004) but approached baseline levels again by Day 7 ( Figure  3A ). RBM procollagen III expression was significantly increased at 7 days (p ϭ 0.01) ( Figure 3B ). There was an upward trend in procollagen I expression at 24 hours postallergen, whereas the increases in HSP-47 expression in fibroblasts were significant (p ϭ 0.04). Further significant increases in procollagen I and HSP-47 expression were observed at Day 7 (p ϭ 0.0078 and p ϭ 0.0078, respectively, compared with baseline; Figures 3C  and 3D ). There was an upward trend in the number of fibroblasts expressing ␣-SMA 24 hours after allergen challenge (p ϭ 0.09) that was sustained at the 7-day time point (p ϭ 0.1). Fibroblasts were identified morphologically as being fusiformic in shape, with elongated nuclei, as previously published (8) . Figure 4 shows an example of confocal micrographs of tenascin and procollagen III expression in the RBM at baseline (Figures 4A and 4D, respectively), at 24 hours after allergen challenge (Figures 4B and 4E, respectively) and at 7 days Definition of abbreviations: BU ϭ biologic units; C ϭ cat dander; EAR ϭ early asthmatic response; F ϭ female; G ϭ mixed grass pollen; H ϭ house dust mite; M ϭ male.
( Figures 4C and 4F , respectively). There was a significant correlation between AHR and HSP-47 expression in fibroblasts at the 24-hour time point (r ϭ Ϫ0.8, p ϭ 0.02) only. There was a nonsignificant trend between increased AHR and procollagen I cellular expression at the 7day time point (r ϭ Ϫ0.4, p ϭ 0.3). AHR did not correlate with either cellular inflammation or RBM tenascin and procollagen III expression.
Airway Inflammation Returns to Baseline at 7 Days
The cellular median counts (interquartile range) in bronchial biopsies are summarized in Table 3 24 hours were observed after allergen challenge (Figures 3E, 3F, and 3G, respectively). There were no significant increases at 7 days with cellular infiltration returning to baseline levels. In addition, there was a small but significant increase in neutrophils at 24 hours (p ϭ 0.03) ( Figure 3H ) but no significant increase in either CD4 ϩ or CD8 ϩ T cells at either 24 hours or 7 days after allergen challenge. Mast cells were counted in both the whole section and in association with airway smooth muscle (ASM). The presence of smooth muscle in the biopsy was confirmed by staining for SMA. No significant increases in mast cell numbers were observed in either the total mast cell or smooth muscle at either 24 hours or 7 days after allergen challenge (Table 3) .
Analysis of data using a mixed modeling approach was used to assess whether the change per day for each of the above variables was significant. The observed changes in each of the parameters per day, based on the measurements at baseline, 24 hours, and 7 days, are summarized in Table 4 . The changes per day for AHR, procollagen I, procollagen III, and HSP-47 were significant.
DISCUSSION
In this study, we show that, whereas the allergen-induced increases in airway inflammation in dual responders with asthma Definition of abbreviations: ␣-SMA ϭ ␣-smooth muscle actin; HSP ϭ heat shock protein; RBM ϭ reticular basement membrane.
The cell counts (cells/mm 2 ) and RBM units (thickness ϫ density) are expressed as the median (interquartile range).
* p Ͻ 0.05 compared with the cell count at baseline. were virtually resolved by 7 days, increases in AHR and the expression of collagen markers of airway remodeling persisted. We therefore demonstrate, for the first time, that AHR can be dissociated from cellular inflammation while remaining associated with sustained airway remodeling.
We confirmed the original observation of Cockcroft and colleagues (2) that allergen inhalation increases in AHR in dual responders with asthma are sustained for at least 7 days. The temporal association between increased inflammatory cell infiltration and increased AHR at 24 hours after allergen challenge in dual responders (1, 6, 14) has led to the suggestion of a causal relationship between the two. However, our current findings suggest that increases in airway wall cellular inflammation do not need to be sustained for persistence of increased AHR. Other less direct evidence supports the view that cellular inflammation, particularly eosinophil infiltration (15), does not necessarily directly relate to AHR. For example, there has been a failure to demonstrate a convincing correlation between the two variables, with several studies having found no convincing association (15) (16) (17) (18) (19) . In both allergic rhinitis and eosinophilic bronchitis, there is airway inflammation that is indistinguishable from asthma, but these patients do not develop AHR (20, 21) . It is possible that the activation status of eosinophils may differ between asthma and other diseases. Several mouse models of allergen-induced airway inflammation demonstrate dissociation of AHR from inflammatory cells. In a chronic airway challenge model, eosinophilic inflammation persisted despite a fall in AHR to baseline values, whereas AHR was unaffected by ablation of eosinophils in GATA-1 knockout animals (22, 23) . In a similar eosinophildeficient model, AHR could be induced independent of airway eosinophila (24) . IL-13 blockade in an allergen-induced model of allergic asthma reversed established AHR despite the persistence of mucosal eosinophila (25) .
ASM infiltration by mast cells may be an important determinant of AHR in asthma because it was a defining difference between asthma and eosinophilic bronchitis (21) . In our study, no increase in mast cell numbers in either the total number or in the number associated with ASM was observed. Although these findings do not necessarily contradict a role for mast cells in baseline AHR, they do not support a role for this cell type in allergen-induced increases in AHR.
In an allergen-induced study by Gauvreau and associates on the cellular kinetics of cells in induced sputum (26) , eosinophilia remained elevated 7 days after allergen inhalation challenge, albeit at levels considerably less than at 24 hours. This is in contrast to our findings of resolution of mucosal eosinophils to baseline levels. The reason for this difference between measures of airway luminal eosinophils and tissue cells is not clear but may reflect eosinophils that have been cleared from the submucosa but which can still be detected in the sputum at a time point when tissue infiltration has resolved.
Although we show that aspects of airway remodeling can be dissociated from airway inflammation, an important point from our study is that initial increases in cellular inflammation were associated with increased expression of remodeling markers and of activated (myo-) fibroblasts. Inflammation can be considered as a response to tissue injury. With acute injury, inflammation occurs with the purpose of carrying out restoration of the tissue to a normal state. Induction of airway tissue repair must occur rapidly and therefore will be expected to be in association with inflammatory cell recruitment. Given that the induction of airway remodeling in response to allergen-induced injury is seen as early as 24 hours (8), it is possible that both eosinophil and macrophage infiltration seen in our model at 24 hours are responses related to airway repair (27) .
Some aspects of remodeling, such as tenascin deposition, might be the consequence of inflammatory cell infiltration (13) . As cellular inflammation resolved at 7 days, in parallel, RBM tenascin levels returned toward baseline values. Other aspects of remodeling may be initiated by inflammatory cell mediators acting directly on structural cells and leading to sustained activation and production of extracellular matrix (ECM) components, such as collagen. The significant correlation of HSP-47 with AHR at the 24-hour time point and the association of procollagen I expression at Day 7 are important as this suggests that individuals with increased AHR at the early time point display an enhanced capacity to generate collagen. Increases in AHR and collagen markers do not necessarily mean a cause-and-effect relationship, with other complex variables being operative. Nevertheless, the association of AHR with remodeling allows further hypotheses to be constructed and identifies remodeling markers that need further focus. The overall suggestion is that selected features of airway remodeling might be related to inflammatory cell sources of cytokine and growth factors, whereas other aspects may be initiated by inflammation but can later proceed independently of inflammation, possibly through structural cell activation.
The mechanisms by which remodeling may contribute to AHR remain an area of vigorous debate. Mathematical modeling predicts that any increase in airway wall thickness internal to the ASM layer will amplify the airway narrowing at the time of ASM contraction; airways with increased ASM narrow to a much greater extent than airways with less smooth muscle volume for a given degree of circumferential smooth muscle shortening (28) . Such predictions are important given that increased ASM mass is the only structural feature that distinguishes severe asthma from moderate disease (29) . Greater ASM mass will not only lead to an excessive degree of muscle shortening (30) but also to greater force generation, leading to a disproportionate reduction in airway patency for a given degree of ASM contraction (31) . ASM has been found to encroach onto the RBM and epithelium in severe asthma (32) , so that even minor contraction will affect airway narrowing. Such findings may explain the persistent AHR seen in asthma under basal conditions. An obvious and important question is what component of the increased AHR is a result of inflammation and what aspect is the consequence of any early remodeling process. Inflammation may lead to priming of neurogenic mechanisms with consequent heightened neural reflexes on ASM, which must have a contributory factor, although at present there are few or no supporting data for such dysregulated neural mechanisms. Airway obstruction defines the late asthmatic response. Airway obstruction can be explained to a certain extent as a consequence of inflammatory cell infiltration with subsequent mediator and cytokine release. The late phase response in skin, in response to specific allergen injection into the dermis of atopic subjects, is seen as an edematous, red, and indurated area, which peaks at 6 to 9 hours and resolves within 24 to 48 hours. In the airway, similar edema and vascularity may occur during the LAR and may thus contribute to the fall in FEV 1 (33, 34) . Although such a mechanism may exist, it is unlikely to be the major pathway leading to the transient increase in AHR as evidenced by an early study (35) . Excessive mucus production will also contribute to the obstruction. Any airway narrowing will, at least in geometric terms, contribute to AHR, in that a narrowed airway will tend to narrow further to a lower dose of stimulus (a leftward shift in the curve for bronchoconstrictor dose-response). It is also possible that airway narrowing alone contributes to fibroblast activation because in vitro studies show induction of ECM production in fibroblasts by mechanical stretch (36, 37) .
Our group and others have previously shown that patients with asthma at baseline express significantly more tenascin in the RBM of the airway and that tenascin is up-regulated further in response to allergen-induced airway injury, which is important (8, 13, 38) .This is in contrast to the RBM in normal volunteers without asthma in whom there is minimal or no expression of tenascin. Although the up-regulation of tenascin after allergen may be related to the role of tenascin in inflammatory cell trafficking, it may be that, even at this stage, the increased deposition of ECM components, of which acute tenascin deposition is an example, may lead to increased airway narrowing and affect airway wall compliance, which contributes to AHR. It is probable that the expression of other ECM components may also be modulated, not only in the RBM but in the deeper layers of the submucosa (39) .
Collagen III is the predominant collagen of the RBM (40) . We have previously demonstrated that there is no significant increase in RBM expression of procollagen III at the 24-hour time point (8) and this again was the finding in the current study. However, at the 7-day time point, there was significantly increased procollagen III deposition in the RBM alongside the markedly increased HSP-47 and procollagen I synthesis in the submusoca. Again, it is tempting to speculate that such RBM increases may contribute to AHR via enhanced luminal narrowing and compliance-dependent effects.
Despite the association of RBM thickening with asthma and its correlation with AHR (41), the presence of RBM thickening in itself does not lead to AHR as evidenced by studies in eosinophilic bronchitis. One can speculate that the exact composition of ECM components in the lamina reticularis differs between asthma and eosinophilic bronchitis, or alternatively, that RBM thickness reflects modulation of ECM components in the deeper submucosa (39) , which when in association with other remodeling changes in the submucosa, such as vascular changes and particularly ASM modulation (42) leading to excessive smooth muscle contractility, can influence AHR.
It is important to comment on the observations made in four single early responders (SERs). These individuals had no increased AHR or airway obstruction at either 24 hours or 7 days after allergen challenge, confirming previous observations (1, 2) . The numbers of SERs in this study are too small for comparison with dual responders and therefore no firm assumptions can be made. However, the SERs did demonstrate nonsignificant increases in inflammatory cell recruitment at the 24-hour time point albeit to a markedly less degree than that found with the DAR group. This is consistent with previous studies (1, 26, 43) . Three of the four volunteer SERs had no increase in RBM tenascin or procollagen expression, whereas all four volunteers failed to demonstrate any increased expression of HSP-47 or procollagen in submucosal fibroblast-like cells.
Although increased collagen synthesis is initiated in response to inflammatory cell release of mediators such as transforming growth factor (TGF)-␤ 1 and IL-13, it appears that induction is further amplified and sustained in structural cells as evidenced by the predominant immunostaining of HSP-47 in fibroblastlike cells, at a time point when inflammation has returned to baseline values but AHR is sustained. It is possible that this aspect of airway remodeling contributes to sustained AHR at this time point.
Whether structural cell activation can occur in the absence of inflammation remains unanswered. Our previous data supported the hypothesis that the epithelial-mesenchymal trophic unit (EMTU), the embryologic unit driving airway development, which is suggested to be reactivated in airway remodeling (44) , was rapidly activated in response to allergen with the TGF superfamily and IL-13 signaling (8) . The activated epithelium is a significant source of TGF superfamily ligands and it is possible that remodeling events may proceed in the absence of inflammation through EMTU activation alone.
A therapeutic implication from this study is that measuring the degree of inflammation does not allow insight into disease severity in terms of AHR. This may explain why several studies with antiinflammatory inhaled steroid therapy have failed to abolish AHR despite reductions in cellular inflammation (45) (46) (47) (48) . Our observations may also help to explain several clinical observations relating to therapeutic responsiveness. For example, in the CAMP (Childhood Asthma Management Program) research group study (49) , the benefits of inhaled corticosteroid therapy on post-bronchodilator improvements were only observed for the first 3 years. A similar lack of effectiveness of inhaled steroids on the natural history of asthma, measured in terms of post-bronchodilator FEV 1 , despite initial improvements in asthma outcome was observed in the START (Steroid Treatment As a Regular Therapy in early asthma) study (50) . These findings may be explained by the efficacy of steroids in decreasing inflammation-related remodeling that leads to initial improvement in FEV 1 . The observation that this improvement is lost after 3 years could be explained by epithelial-mesenchymal-driven remodeling events that are considered refractory to corticosteroids (51, 52) .The persistence of troublesome AHR despite highdose inhaled corticosteroid in patients with moderate-severe asthma is an important clinical problem and is currently being addressed by the addition of long-acting ␤ 2 -agonists, which effectively target airway smooth muscle, a key aspect of airway remodeling.
The difficulty in performing mechanistic studies of airway remodeling in humans has led to insight from several animal models of disease (53) . Animal studies have suggested that structural changes can be associated with AHR in the absence of cellular inflammation. Leigh and colleagues (54) were able to show in a chronic allergen setting that, despite the resolution of inflammation early on after the cessation of allergen exposure, changes in AHR and remodeling remain associated for at least 8 weeks after the final allergen exposure. Interestingly, although acute allergen exposure-induced increase in AHR was associated with increased IL-13 levels, AHR that persisted beyond the inflammatory stages was not associated with increased IL-13. This led the authors to conclude that, although early cellular inflammatory events with associated Th2 cytokines contribute to the initiation of remodeling events, sustained AHR is a consequence of increased airway contractile tissue.
In summary, persistent inflammatory cell infiltration of the bronchial mucosa does not appear to be essential to sustain allergen-provoked increases in AHR, which are, however, associated with persistent activation of airway remodeling. The sustained AHR, however, could reflect persistence of end effects of inflammation on mucosal remodeling processes, which, in turn, have downstream effects contributing to AHR. It is also possible that there are mechanisms for AHR in response to allergen challenge that are not due to airway inflammation and may involve direct remodeling events that are not inflammatory cell dependent. This might explain why inhaled corticosteroid therapy in asthma reduces but does not abolish AHR despite a dramatic reduction in inflammation. The development of further longitudinal studies in humans with asthma will be important to provide further insight into such questions.
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